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A B S T R A C T 
Odds ratio is commonly used as a measure of association between two binary 
variables in 2x2 contingency table. This thesis is concerned w i th mult iple test 
procedure for testing of uni ty odds ratios from multi-centre study. Mul t ip le test 
procedure is employed to distinguish between significance and insignificance in the 
multi-centre study. I t basically compares individual ordered p-values to a series 
of adjusted nominal levels. Three commonly used approaches for determining 
the p-values are considered. They are namely the asymptotic, exact and mid-P 
approaches. Both the one-sided and two-sided hypotheses tests are considered. 
A simulation study is provided for comparing the performance of the empirical 
sizes and powers of various procedures. Moreover, several numerical examples 
are given for i l lustration. 
K e y w o r d s : 2 x2 contingency table; Asymptot ic test; Exact test; M i d - P test; 




奇 比 率 常 被 採 用 作 爲 量 度 2 x 2 列 聯 表 中 兩 個 變 數 之 
間 的 相 聯 關 係 ° 這 篇 論 文 是 關 於 在 多 重 檢 驗 中 心 問 題 
中 ’ 使 用 多 重 檢 驗 程 序 去 驗 証 每 個 奇 比 率 是 否 相 等 
一 ° 多 重 檢 驗 程 序 是 用 以 區 別 多 重 檢 驗 中 心 問 題 中 的 
顯 著 性 與 非 顯 著 性 ° 基 本 上 是 將 有 序 的 P 値 與 一 數 列 
調 整 後 的 名 義 水 平 作 比 較 。 我 們 會 採 用 三 種 常 見 的 手 
法 去 計 算 P 値 ， 分 別 是 漸 近 手 法 、 精 確 手 法 及 中 點 手 
法 。 我 們 會 考 慮 單 側 及 雙 側 假 設 檢 驗 . 。 此 外 ， 我 們 進 行 
了 一 個 模 擬 硏 究 ， 比 較 各 種 多 重 檢 驗 程 序 的 經 驗 容 量 
及 功 效 ° 最 後 ， 論 文 中 會 列 舉 數 個 數 値 上 的 例 子 作 說 
明 ° 
關 鍵 字 詞 ： 2 x 2 列 聯 表 ； 漸 近 檢 驗 ； 精 確 檢 驗 ； 中 點 檢 
驗 ； 多 重 檢 驗 程 序 ； 奇 比 率 ； 單 一 步 驟 檢 驗 ； 逐 步 減 少 
檢 驗 ； 逐 步 增 加 檢 驗 
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A series of 2 x 2 tables occur often in biostatistics. To start, we consider an 
example of set of 2 x 2 tables that arises in clinical trials. Consider an experi-
ment in which the complementary D N A (cDNA) transcripts are produced from 
transcribed R N A obtained f rom cells grown under normal conditions and under 
unusual study conditions respectively. 
Table 1.1 The frequencies of nucleotide change observed at nine nucleotide sites. 
Nucleotide Site Study Cells Control Cells 
Changes Total Changes Total 
1 3 9 1 11 
2 4 10 2 11 
3 2 10 2 11 
4 8 11 1 10 
5 3 10 1 10 
6 2 9 2 9 
7 2 9 2 9 
8 2 8 2 9 
9 2 7 3 8 
1 
The data can be extracted f rom Tarone R.E. (1990). The purpose is to deter-
mine i f the transcribed R N A in the study cells differs f rom that in the control cells. 
Table 1.1 gives the frequencies of nucleotide change observed at nine nucleotide 
sites in the experiment. 
Another clinical t r ia l can be found in Agresti and Hartzel (2000). Two cream 
preparations w i t h respect to the success or failure in curing an infection were com-
pared among eight centres. Furthermore, Lloyd (1999) studied random samples 
of individuals that were chosen f rom the three cities. Each indiv idual is classified 
as smoker/nonsmoker and their lung capacities were compared. 
Obviously, a question of interest is to identify those centres in which the 
success rates of the two treatments are significantly different. To handle this 
problem, odds rat io is used as a measure of association between two treatments 
on a binary outcome response, while mult ip le test procedures are employed to 
make indiv idual inference. 
A plenty of standard measures of association in 2 x 2 tables would be ex-
pressed as functions of the odds rat io (Bishop, Fienberg and Holland, 1975). 
The (natural) logar i thm of odds rat io, denoted by l i i (OR), has advantages of 
improved symmetry and approximate normal i ty (see Argesti, 1984). Thus, we 
adopt In(OR) as the measurement in this paper. In(OR) being zero is equivalent 
to no difference in the success rates between the two treatments. Some more 
properties of odds rat io can be found in Bishop, Fienberg and Hol land (1975). 
The observed odds rat io has the asymptotic normal d is t r ibut ion w i t h mean 
the t rue odds ratio. The observed In(OR) converges more rapidly to a normal 
2 
dis t r ibut ion (see Agresti , 1984; section 2.4). Under the independent b inomial 
sampling model, w i t h bo th the observed row and column totals being fixed, its 
asymptot ic sample variance can be estimated by the observed data (see Agrest i , 
1990; section 3.4). A l though asymptot ic p-value is simple to compute, i t has been 
shown to be unreliable in small sample designs or sparse data structures. I n these 
situations, exact analysis approach (Fisher, 1935) would be more appropriate. I n 
exact inference, the cumulat ive sum of the probabi l i ty of the observation itself 
and al l more extreme is used as the test cri terion. Fisher (1935) showed tha t 
the type I error rate of any exact test does not exceed the pre-assigned nominal 
level. However, as the underly ing d is t r ibu t ion is discrete, exact test may be too 
conservative. Lancaster (1952, 1961) suggested the use of m i d - P version test, i n 
which the probabi l i ty of the observation itself is weighted half in comput ing the 
p-value. The m i d - P test generally corrects the conservativeness of exact test, bu t 
may not guarantee the control of the pre-assigned nominal level. 
I n the analysis of a usual cl inical t r ia l , we are interested in determining which 
t reatment is better. When the question is asked for various centres, for instance 
Table 1.1，we are facing a mul t ip le problem. Simultaneously test ing of nine hy-
potheses of un i ty odds rat io in each centre has to be undertaken. The issue of 
th is k i nd of mul t ip le test ing is the large probabi l i ty of rejecting any nu l l hypoth-
esis incorrect ly when many or al l the nu l l hypotheses are true. To contro l the 
fami ly wise error rate ( F W E ) , the significance levels for ind iv idua l tests have to 
be adjusted. Mu l t i p le test procedures can be div ided into two groups: single-step 
procedures and stepwise procedures. 
3 
The simplest single-step procedure is the classical Bonferroni procedure based 
on the Boole's inequality (see Hochberg and Tamhane, 1987). Sidak (1967) im-
proved the Bonferroni test by employing a larger adjusted nominal level. Both 
the single-step procedures require no distr ibut ional assumptions, but the Sidak 
(1967) procedure does not control F W E if the tests are correlated. A l though the 
single-step procedures are simple and easy to use, they are always found to be 
too conservative especially when the number of centres is large, or the tests are 
correlated. 
Consequently, a more powerful stepwise procedure was proposed by Ho lm 
(1979) in which the hypotheses are rejected one at a t ime by certain rules. Ho lm 
(1979) also constructed an even more powerful step-down procedure by replac-
ing the Bonferroni-type adjusted nominal level by Sidak-type adjusted nominal 
level. These two procedures proposed by Ho lm are usually referred as step-down 
procedures. Bo th step-down procedures are applicable for continuous and dis-
crete data. Simes (1986) proposed a modified Bonferroni procedure for the test 
of an overall hypothesis which is a combination of the K indiv idual hypotheses. 
However, indiv idual inferences are not made for this procedure. Hochberg (1988) 
proposed a step-up procedure which employs the same set of adjusted nominal 
levels as Ho lm procedure and his procedure is shown to be more powerful than 
Holm step-down procedure. However, Hochberg procedure is str ict ly conservative 
when the number of tests is larger than two. Rom (1990) derived a more powerful 
step-up test in which the type I F W E is exactly at the pre-assigned nominal level 
when the tests are independent. Bo th step-up procedures are applicable only 
4 
when the test statistics are continuous in asymptotic test. For discrete data, the 
minimum achievable significance level may be bounded below by a positive con-
stant. Gart, Chu, and Tarone (1979) noted that the number of hypothesis tests 
can be reduced by eliminating those tests in which rejection is not possible at 
the pre-assigned nominal level. Tarone (1990) generalized the Bonferroni proce-
dure for discrete data based on this phenomenon. However, Tarone procedure is 
not monotone depending on the nominal level, i.e., a hypothesis that is retained 
at a pre-assigned nominal level may be rejected at a lower nominal level. Roth 
(1999) developed a monotone version of Tarone procedure and proved that his 
procedure is more powerful than Tarone procedure. Hommel and Krummenauer 
(1998) proposed a procedure similar to Tarone's and Roth procedure. Based on 
their procedure, they further derived a step-down procedure for discrete data, in 
analogy to Holm's procedure. 
The purpose of this thesis is to review and compare these multiple test proce-
dures for testing the null hypotheses of unity odds ratio in a multi-centre study. 
In Chapter 2, several multiple test procedures are reviewed for testing the 
null hypotheses of unity odds ratio in each centre. One-sided and two-sided 
alternative hypotheses are considered. The methods of computing p-values based 
on asymptotic, exact (Fisher, 1935, 1970; Irwin, 1935) and mid-P (Lancaster, 
1952, 1961) method will be described. 
In Chapter 3, a simulation study on the sizes and the powers of various multi-
ple test procedures based on the asymptotic, exact and mid-P values is conducted. 
5 
I n Chapter 4，several examples are included to i l lustrate the various procedures 
based on different approaches. 
I n the last chapter, the performance of various mult ip le test procedures based 
on asymptot ic, exact and m i d - P values is summarized. Some suggestions in the 
choice of suitable mult ip le test procedures w i l l be made. 
6 
Chapter 2 
Multiple Test Procedures 
Epidemiologic, cl inical psychological, or sociological studies may produce data 
depicted as several 2 x 2 tables. For i l lustrat ion, consider two-arm binary response 
clinical tr ials conducted in K centres. Let i = 1,2 be the treatment indicator, 
and X the response variable. Suppose that for k = 1, ...,K, the resultant data 
f rom the A;th cl inical center are: 
Table 2.1 A 2 x 2 table of binary response from two treatments. 
Response 
Treatment Yes No Total 
1 a^ ifc(冗ifc) nik - xik nik 
2 X2k{'^2k) n2k - X2k n2k 
Total ruk Uk — ruk Uk 
Here, Xyk.iTyk.nyk and m^ denote, the number of responders in t reatment y, 
the probabi l i ty of response in treatment i, the number of experimental uni ts i n 
t reatment y and the to ta l number of responders for i = 1,2 and k = I t 
is impor tant to point out here that for each k, the row sums Uik and n2k are f ixed 
7 
by design. The odds ratio for the A;th table is defined by 
〜=化(1 -
兀2“1 - ttuT 
I n this thesis, we are interested in testing the fol lowing sequence of hypotheses: 
(i) '•Ok = l vs. HAi’k ' - O k ^ l for k = 1, ...，K. (2.2) 
( i i ) Ho’k :Ok = l vs. HA2,k 為 < 1 for k = 1,…,K. (2.3) 
or 
( i i i ) Ho,k •Ok = l vs. HA3,k ： Ok > I for k = 1,..., K. (2.4) 
2.1 Hypothesis Test for Individual Centre 
The usual estimate for the odds rat io Ok, which was first proposed by Wool f 
(1955), is given by 
n = 工 l k ( j l 2 k - X2k) 
I t was shown tha t ln§k is asymptot ical ly normal d is t r ibuted w i t h mean InOk and 
variance being estimated by [ l / x ^ + l / i n ^ k _ x , ^ ) + Yj^ L饭 + l / ( n 2 , — X2k)] (see 
Agresti , 1984). To avoid the problematic cases which lead to the undefined ^ or 
estimated variance, Haldane (1956) considered the fol lowing amended estimate 
、 for Ok： 
Q = (^ik + 0.5)(n2k-X2k + 0.5) 
‘ — + + (2.6) 
Simi lar ly， I rA can be shown to be asymptot ical ly normal d is t r ibuted w i t h mean 
Zn没,and the estimated variance - [ l / ( x i k + 0.5) + l/(n：, - +0 .5 ) + 1 /(x2k + 
0.5)) + l / (n2k - X2k + 0.5)] (see Agrest i , 1990). 
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To test Ho^k • Ok = I against HAj,k { j = 1,2,3)，we adopt the following testing 
procedure at the pre-assigned nominal level a: 
Step 1: Compute the p-value, denoted as pk, from the observed 2x2 table. 
Step 2: I f pk < a, then reject the nul l hypothesis i^ o.fc； otherwise accept. 
I n the present setting, pk can be determined via three different methods 
(namely, asymptotic approach; exact approach; and mid-P approach). 
In asymptotic approach, InO is zero under the nul l hypothesis, and the test 
statistic reduces to InOk/^k-
Exact approach, introduced by Fisher (1935, 1970) and I rw in (1935), is an-
other method to make inference for small sample studies. Under the nul l hy-
pothesis, the distr ibut ion of X i k reduces to the hypergeometric distr ibut ion (see 
Agresti, 1990): 
' / \ / \ 
几 lib ri2k 
\ x i k j \ m k - xik 
十 r — ’ max(0, mfc - n2k、< x i k < min(mfc,ni fc) 
/(工 ifc) = uk (2.7) 
W 
0 , otherwise. 
wi th mean 
帅 = ， (2.8) 
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Exact approach is proved to be too conservative. Lancaster (1952, 1961) 
proposed the m i d - P approach to overcome the conservativeness. I n this thesis, 
only the test against two-sided alternatives is considered in the study of m i d - P 
approach. 
Let U y ) = 纖 and “ = 替 
where “ ⑷ = I n ((二丨二：明：：二g 
- [ ( 2 / + 0 . 5 ) + (nifc-y+0.5) + (mfc-y+0.5) + (^！？广爪；^竹+0.5) 
The computat ions of pk are summarized in the fol lowing table: 
Table 2.2 Computations of pk using different approaches with various alternatives. 
Alternative Asymptotic approach Exact approach Mid-P approach 
丑礼A： p,= min{ p, = E . ^ y , , fiv) Pk = E . e n . fiv) • 
" 〜 ) ] } 0.5 E 鄉 “ ⑷ 
HA2’k :Ok<l Pk = _ k / “ ~ ) Pk = Eyev,, f ( y ) no t considered 
HA3’k 為 〉 1 I Pk = l - Pk = Eyevs, f i v ) no t considered 
where $ is the cumulative distribution function of a standard Normal distribution. 
f is the pdf of the hypergeometric distribution defined in (2.7). 
max(0, TUk - n2k) < y < min(mfc,nu) and > } 
^2k = { y . max(0, TUk - n2k) < y < min(mfc,nifc) and Tk{y) < tk } 
^3k = {y： max(0,mfc - 712^ ) <y< min(mfc,nifc) and Tk{y) > tk } 
= { y ： max(0,mfc —〜<y< mm{mk,nxk) and |1^紋)| = }. 
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2.2 Multiple Hypothesis Test for Multi-Centre 
I n mult ip le test applications like Example 1.1，there are several hypotheses to be 
evaluated at a t ime (i.e. hypotheses 2.2, 2.3 or 2.4). To tackle the mul t ip l ic i ty 
d i l emma, multiple test procedure ( M T P ) is employed. 
I n mult ip le test procedure, each of the K hypotheses /fo.fc, k = 1, ...^K, is 
determined to be rejected or accepted at an adjusted nominal level, I n most 
cases，the value of ak is much smaller than the pre-assigned nominal level a. 
The familywise error rate (FWE) (the probabi l i ty of rejecting at least one true 
hypothesis) is controlled at a level not greater than a. 
M T P s can be divided into single-step procedures and stepwise procedures. 
Moreover, some procedures were developed for discrete data. 
2.2.1 Single-step Multiple Test Procedure 
Single-step M T P performs equivalent mul t ip l ic i ty adjustments for al l tests, re-
gardless of the ordering of the p-values Pu. . . ,pK. These methods are called 
"single-step" methods because only one step is required to find the appropri-
ate adjusted nominal level, a^ for al l tests. I n general, a single-step procedure 
performs the hypothesis testing at the pre-assigned nominal level a as follows: 
Step 1: Compute the p-values, pk (k = 1 ， K ) , as shown in Table 2.2. 
Step 2: I f Pk < ak, then reject the nul l hypothesis Hoy, otherwise accept, 
for k = 1,…,K. 
Some common choices of single-step procedures include: 
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• the classical Bonferroni procedure w i t h ak = a / K (see Westfall and Young, 
1993). 
• the Sidak procedure w i t h a^ = 1 — (1 -…“厂 ( S i d a k , 1967). 
The classical Bonferroni procedure controls the F W E no matter whether the 
data f rom different centres are dependent or not. However, the Sidak procedure 
does not control the F W E when the tests are dependent. Indeed, i t is more 
powerful than the Bonferroni procedure al though the improvement is not quite 
significant. From now on, the Bonferroni procedure is denoted as Bon in short. 
2.2.2 Sequentially Rejective Multiple Test Procedure 
I n sequentially rejective mul t ip le test procedure (also called 'stepwise' procedure), 
the p-values, p(i)，...,P{k) are ordered, and compared w i t h a sequence of ordered 
adjusted nominal levels, a i , . . . ,aK- Stepwise procedures can be further d iv ided 
into step-down and step-up procedures. 
S t e p - d o w n P r o c e d u r e 
I n general, a step-down procedure performs the hypothesis test ing at the pre-
assigned nominal level a as follows: 
S t e p 1: Compute the p-values, pk {k = 1 , K ) , as shown in Table 2.2. 
S t e p 2: Order the p-values in S t e p 1 i n ascending ordering and denote the 
ordered p-values as < p⑶ < … S Let 丑(o’i)，丑(o’2),...，丑(o’k) be 
the corresponding hypotheses. 
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step 3: F ind the max imum value m G such that p(k) < otk for all 
A; 二 1，.",m. I f this max imum value exists, then reject the nul l hypotheses 
丑(0,1)，•••,^ (o,m)； otherwise, retain all hypotheses. 
Some common choices of step-down procedure include: 
• the Holm (1979) procedure w i t h a^ = - A: + 1) for /c = 1,…，K. 
• the improved Holm procedure w i t h a^ 二 1 — ( l -Q; )V(^ - fc+ i ) for k = 1, ...,K 
(Holm, 1979). 
The Holm step-down procedure is based on the Bonferroni Inequality. I t is 
proved to control the type I F W E at the nominal level, a , for bo th dependent and 
independent tests. However, the improved Holm procedure is proved to control 
the type I F W E only when the p-values are independent. From now on, the 
improved Holm procedure is denoted as Holm2. 
S t e p - u p P r o c e d u r e 
I n general, a step-up procedure performs the hypothesis testing at the pre-
assigned nominal level a as follows: 
Step 1: Compute the p-values, pk {k = 1, •••，K), as shown in Table 2.2. 
S t e p 2: Order the p-values in S tep 1 in ascending ordering and denote the 
ordered p-values as p⑴ < p⑵ < … $ Let I { (叫 •••，丑(o，k) be 
the corresponding hypotheses. 
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Step 3: F ind the maximum value m e { 1 , K } such that p—) < a^- I f 
this maximum value exists, then reject the nul l hypotheses /^(o’i), •••,丑(o,m); 
otherwise, retain all hypotheses. 
Some common choices of step-up procedure include: 
• the Hochberg (1988) procedure w i th a^ = a/(K - k + 1) for k = 1, •••，K. 
• the Rom (1990) procedure w i th a^ = CK-k+i for k = 1, 
where 
Ci = a 
- / \ -
1 k—1 k—2 k 
Ck = i f o r A; = 2 ， . . . ， ( 2 . 9 ) 
L \ J J -
(see also Firmer and Roters, 1998). 
Hochberg proved that those hypotheses rejected by the Holm procedure are 
also rejected by the Hochberg procedure, but not vice versa. Prom now on, the 
Hochberg procedure is denoted as Hoch in short. 
The Rom adjusted nominal levels are always greater than those of Hochberg's 
for k > 3. Thus, the Rom procedure always rejects the hypotheses whenever the 
Hochberg procedure does when there are more than two significance tests. 
2.2.3 Multiple Test Procedure for Discrete Distribution 
The Bonferroni M T P is a simple and widely applied method that requires no 
distr ibut ional assumption. The Bonferroni inequality involved in the classical 
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Bonferroni M T P can be used for both continuous and discrete distributions, but 
improvements are possible for discrete distribution. 
The min imum achievable significance level (MASL) for discrete significance 
test, denoted by a*, is defined as the probabil i ty of obtaining the most extreme 
configuration that favours the alternative hypothesis once all marginal totals of 
the 2x2 table are observed and fixed. In some situations, a* is bounded below by 
a positive constant. In these cases, rejection of null hypotheses is not possible at 
a as a * 〉 a . Gart, Chu and Tarone (1979) noted that the number of significance 
tests in a multi-centre problem could be reduced by eliminating those tests w i th 
a* > a. 
The Tarone (1990) procedure for discrete distr ibut ion performs the hypothesis 
testing at the pre-assigned nominal level a as follows: 
Step 1: Compute the MASL, a* {k = 1，…，K), for each of the K centres. 
Step 2: For each j = l,….,K, define m{j) to be the tota l number of centres 
for which al < a / j , k = 1, ...，K. 
Step 3: Let J be the smallest value of j such that m{j) < j for j = 1 , . . . ,K. 
Step 4: Reject Ho’k ifpfc < a/J. 
Tarone，s method controls the type I F W E at the pre-assigned nominal level. 
I t rejects those hypotheses rejected by the classical Bonferroni method, possibly 
more. 
A hypothesis test procedure is said to be monotone in a , or have a-consistency, 
i f a hypothesis which is retained at a given nominal level, a, could not be rejected 
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at a smaller level, say 7 < a. Roth (1999) pointed out that the Tarone procedure 
is not monotone in a. 
To overcome this problem, Roth suggested that the value J need not be an 
integer. Roth procedure performs the tests same as the Tarone procedure except 
that the s tep 3 is refined as: 
"Let J be the smallest value of j such that m{j) < j for j = 1, ...^K. I f 
m{J) = J, then no modification; otherwise, J = a/a*j^ where is the 
J t h ordered MASL." 
Roth showed that this procedure is an improvement to the original Tarone's 
procedure due to the fact that Roth's method has a higher adjusted nominal level 
for the p-values than Tarone's method does. 
Hommel and Krummenauer (1998) proposed another M T P for discrete distri-
bution, in which the hypotheses testings are performed by the following steps: 
Steps 1 &: 2: Same as the steps 1 2 of Tarone procedure. 
Step 3: Let J be chosen in such a manner that either: 
J <K and ( J - l)a*j <a< Ja》+i (2.10) 
or 
J = K and {K - < a < 1. (2.11) 
Step 4: Reject Ho,k i f Pk < a / J or pfc < a》for A: = 1，…，K . 
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Hommel and Krummenauer procedure guarantees the type I FWE less than or 
equal to the pre-assigned nominal level a. From now on, the procedure proposed 
by Hommel and Krummenauer is denoted as HK in short. 
Hommel and Krummenauer (1998) also developed a step-down procedure for 
discrete distribution in analogy to the Holm's step-down method. 
Flow of the Tarone-Holm step-down MTP for discrete distribution can be 
outlined as: 
Step 1: Set A = {I, ... , K}. 
Step 2: For j = 1, ... , #A, define m(j) 
J = min{j = 1, ... , #A : m(j) :s; j}. 
#{k E A aie < ajj} and 
Step 3: For k E A, reject HO,k iff Pk :s; aj J or Pk < aj. 
Step 4: Let B = index set of those hypotheses that had not been rejected in 
step 3. 
Step 5: If B is empty, stop. Otherwise, set A = A - B and return to step 
2. 
The Tarone-Holm procedure controls the type I FWE at the pre-assigned nom-
inallevel a and it is monotonic in a. From now on, the Tarone-Holm procedure 
is denoted as TH in short. 
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2.2.4 Summary of various Multiple Test Procedures 
Some M T P s are app l ied for asymp to t i c p-values wh i le some are for discrete t ype 
o f p-values. A s u m m a r y is g iven i n tab le 2.3. 
Table 2.3 Summary of various multiple test procedures. 
P-values 
Asymptotic Exact Mid-P 
Single-step MTP: 
Bon applicable applicable applicable 
Sidak applicable applicable applicable 
Step-down MTP: 
Holm applicable applicable applicable 
Holm2 applicable applicable applicable 
Step-up MTP: 
Hoch applicable not applicable not applicable 
Rom applicable not applicable not applicable 
MTP for discrete distribution: 
Tarone not applicable applicable applicable 
Roth not applicable applicable applicable 
HK not applicable applicable applicable 




A universal cr i ter ion in mult ip le testing procedures is to control the familywise 
error rate (FWE) . We are interested in investigating the sizes and the powers of 
various MTPs , at a pre-assigned nominal level of a being 0.05. Simulations under 
both the nul l and alternative hypotheses are performed. 
For the zth (z = 1, 2) treatment in the ^ h {k = centre, data are 
independently sampled f rom a binomial d ist r ibut ion w i t h sample size n认 and 
response probabi l i ty iVik. 
3.1 Comparisons of Sizes 
We first investigate the sizes of various procedures. The data are generated under 
the nul l hypotheses, Ho,^ ：没知=1 for A; = 1，••.，K. That is, t t ^ = 
We consider those cases in which K being 3, 5 and 10. For the sake of 
simplicity, n u = th = 5，10, 20, 30, 40，50 and n狄=n, = jn让 for j = 1, 
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…， 1 0 and k = 1 ， … ， K . The aim is to investigate the performance of various 
procedures from balanced to extremely unbalanced sample sizes settings. The 
binomial probabilities are set to Wik = tt = 0 . 0 1 , 0 . 1 , 0 . 2 , 0 . 3 , 0 . 4， 0 . 5 and 兀 2知= 
TTik = TT under the nul l hypotheses. 
The asymptotic, exact and mid-P approaches are employed and the alterna-
tive hypotheses are as follows: 
(i) ^ A i , k : 0 k ^ l f o r k = l , . . . , K 
(ii) ffA2,k:0k<lfork = l , . . . , K 
(i i i) ^ A 3 , k : 0 k > l f o r k = l , . . . , K 
Denote the number of simulation runs by N^ns and the number of runs in 
which at least 1 hypothesis is rejected by Nrej. The empirical size is defined as: 
a = Nrej/Nruns (3.1) 
Under any configuration, N^ns = 10000 simulation runs were adopted. 
In this paper, the testing procedure is said to be conservative i f d is less than 
0.05 - 1.96 = 0.0457; liberal i f a is greater than 0.05 + l . g e / ^ ^ ^ H 
=0.0543; or stable i f d lies between these boundaries. Parameters settings of the 
present simulation study of size are summarized in Table 3.1. 
Tab le 3.1 The set of parameters considered in the simulation study of sizes of various 
multiple test procedures. 
K ^ ^ TTi = TTZ = TT ；rvalue Alternatives 
3, 5’ 10 5，10(10)50 j n i f o r j : 1(1)10 0.01,0.1(0.1)0.5 Asymptotic 
3’ 5, 10 5, 10(10)50 jm for j = 1(1)10 0.01, 0.1(0.1)0.5 Exact / / a i，H必丑们 
3 ,5 ,10 5, 10(10)50 jni for j = 1(1)10 0.01, 0.1(0.1)0.5 Mid-P H^i 
Notice that when the smallest p-value is less than or equal to a/n, both 
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the Bonferroni and Ho lm M T P s reject the nul l hypothesis. On the other hand, 
when i t is not the case, bo th M T P s do not reject the nu l l hypothesis. Thus, the 
Bonferroni and Ho lm M T P s per form equally under the nul l hypotheses. Similar 
phenomenon is found in the Sidak and Holm2 MTPs . For the sake of simplicity, 
the results of Ho lm and Holm2 procedures are not reported. 
Figures A . l ( i ) , A.2( i ) ,…，A.7( i ) are the box plots of empir ical sizes of various 
M T P s under asymptot ic, exact and m i d - P approaches for test ing against various 
alternatives. Each box plot is constructed based on 3 x 6 x 10 x 6 = 1080 
configurations: 3 choices of number of centres, 6 choices of m , 10 choices of 
几2 and 6 choices of n. The minhnum， lower 25 percentile, median, upper 25 
percentile，maximum, outl iers and extreme points are presented in the box plots. 
The empir ical sizes of Sidak procedure (see Figure A.4( i i ) , A.5( i i ) , A.6( i i ) , 
A .7( i i ) ) are p lo t ted against the rat io between sample sizes. Each box plot is 
constructed based on 3 x 6 x 6 = 108 configurations: 3 choices of number of 
centres，6 choices of Ui and 6 choices of tt. 
The empir ical sizes of Sidak procedure (see Figures A.4( i i i ) , A.5(i i i)，A.6(i i i), 
A . 7 ( i i i ) ) are p lo t ted against the number of centres. Each box plot is constructed 
b朋ed on 6 X 10 X 6 二 360 configurations: 6 choices of m，10 choices of n^ and 6 
choices of tt. 
The empir ical sizes of Sidak procedure (see Figures A.4( iv ) , A.5( iv ) , A.6( iv ) , 
A .7( iv ) ) are p lo t ted against the b inomial response rate, tt. Each box plot is 
constructed based on 3 x 6 x 10 = 180 configurations: 3 choices of number of 
centres, 6 choices of n ! and 10 choices of n?. 
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3.1.1 Based on Asymptotic Approach 
Since Tarone, Roth, HK, and TH procedures are multiple testing procedures for 
discrete distributions, they are not considered in this part. 
In general, the performances of Bonferroni, Sidak, Rom, Hochberg, Holm and 
Holm2 procedures are quite similar. In testing against the two-sided alternative, 
almost all the empirical sizes are less than 0.0543, i.e. these procedures are in 
general not liberal (see Figure A.1(i)). When HA2 ,k is employed as alternative, 
all the procedures are rather conservative. Almost half of the empirical sizes are 
zeros (see Figure A.2(i)). However, in testing against HA~,k' all the procedures 
are liberal. More than half of empirical sizes are greater than 0.0543 (see Figure 
A.3(i)). Thus, it is recommended not to employ the asymptotic approach in 
testing against the alternative: 
H A3 ,k: Bk > 1 for k = 1, ... ,K 
when the sample size of the second sample is greater than that of the first sample. 
The empirical sizes of Hochberg procedure is plotted against the ratio between 
the sample sizes (nl / n2), the number of centres (K) and the binomial response 
rate (7r). 
In testing against HA1,k, the empirical sizes of Hochberg procedure increase 
when the sample sizes become more unbalanced (see Figure A.1(ii)). There are 
few cases in which the empirical sizes are up to 0.065 when the sample sizes are 
highly unbalanced, say n2 equals 9 or 10 times of nl. Thus, we suggest not to 
employ the asymptotic approach when the sample sizes are highly unbalanced. 
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However，in testing against 雄&，there is a decreasing trend in the empirical 
sizes when the sample sizes become more unbalanced (see Figure A.2( i i ) ) . I n 
testing against ！！姆,the empirical sizes sharply increase w i t h the rat io between 
sample sizes (see Figure A.3( i i ) ) . 
No matter which alternative hypothesis is chosen, the box plots (Figures 
A. l (m)，A.2( i i i ) , A.3( i i i ) ) show decreasing trends in the empirical sizes when 
the n u m b e r o f cen t res increases. 
I n test ing against HAi’k, Figure A . l ( i v ) shows that when the b i n o m i a l re -
sponse r a t e tt equals 0.01, about half of empirical sizes are zero. I n test ing 
against HA2,k, almost all empirical sizes are zero at tt = 0.01 or 0.1，and there is 
a remarkable increasing trend in the empir ical sizes when tt increases (see Figure 
A.2( iv) ) . However, in testing against 雄“ the empirical sizes decrease when tt 
increases (see Figure A.3( iv)) . 
Bonferroni, Sidak, Rom, Ho lm and Holm2 give similar results as Hochberg 
procedure. Thus, the box plots of the empir ical sizes of these procedures are not 
reported. 
3.1.2 Based on Exact Approach 
、 Bo th Rom and Hochberg step-up procedures require the asymptot ic assumptions, 
they are not considered in this part . 
A l l procedures control the FWEs at the pre-assigned level. I n test ing against 
or HA3,k, the Bon, Sidak, Tarone, Roth, H K , T H , Ho lm and Holm2 pro-
cedures perform simi lar ly (see Figures A.4(i)，A.6(i)). I n test ing against F 雄 , ’ 
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Tarone，Roth, H K and T H procedures have greater empirical sizes than the Bon, 
Siddk，Holm and Holm2 procedures (see Figures A.5( i ) ) . 
The empirical sizes of Sidak procedure is p lot ted against the rat io between 
the sample sizes K M ) , the number of centres [K) and the binomial response 
rate (tt). 
I n testing against H^i^k or Ha从, t he empirical sizes gently increase when the 
rat io between the samp le sizes increases and converge to 0.025 when the rat io is 
greater than 2 (see Figures A.4(ii)，A.6(ii)). I n testing against 雄。 t h e medians 
of empirical sizes of Sidak procedure equal to 0.015 in the whole range of the rat io 
( f rom 1 to 10) (see Figure A.5( i i ) ) . 
I n testing against Hai,^ or the box plots (Figures A.4( i i i ) , A.6( i i i ) ) show 
slightly decreasing trends in the empirical sizes when the n u m b e r o f cen t res 
increases. 
On the other hand, the empirical sizes increase sharply when the value of 
b i n o m i a l response r a t e tt increases f rom 0.01 to 0.5 (see Figure A.4( iv) , A.5( iv) ’ 
A.6( iv) ) . The Sidak procedure is very conservative when tt = 0.01 in testing 
against any alternatives. 
Bonferroni，Tarone, Roth, H K , T H , Ho lm and Holm2 procedures gives similar 
results to the Sidak procedure. Thus, the box plots of empirical sizes of these 
procedures against the rat io between the sample sizes, the number of centres and 
the binomial response rate are not reported. 
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3.1.3 Based on Mid-P Approach 
Both the Rorn and Hochberg step-up procedures require the asymptotic assump-
tions, they are not considered i i i this part. 
I l l general, the Bon, Sidak, Tarone, Roth, HK, TH, Holm and Holin2 proce-
diires perform similarly (see Figure A . 7 ⑴ ) . T h e medians of empirical sizes of all 
MTPs are almost the same. However, there are few cases in which the HK and 
T H procedures give large value of empirical sizes. 
The empirical sizes of Sidak procedure is plotted against the ratio between 
the sample sizes ( n i / n , ) , the nurnber of centres {K) and the binomial response 
rate (tt). 
The empirical sizes of Sidak procedure gently increase w i th the ratio between 
the samp le sizes increases and converge to 0.04 when the ratio is greater than 
1 (see Figures A.7(i i)). 
The median of empirical sizes of Sidak procedure is about 0.04 when the 
n u m b e r o f centres increases (see Figure A.7(i i i ) ) . 
The empirical sizes increase when the value of b i n o m i a l response ra te tt 
increases from 0.01 to 0.5 (see Figure A.7(iv)). 
Bonferroni，Tarone, Roth, HK, TH , Holm and Holm2 procedures gives similar 
results to the Sidak procedure. Thus, the box plots of empirical sizes of these 
procedures against the ratio between the sample sizes, the number of centres and 
the binomial response rate are not reported. 
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3.1.4 Comparisons between Asymptotic, Exact and Mid-
P Approaches 
Sidak procedure under various approaches are under investigation. Other proce-
dures give similar results and thus are not reported here. 
I n test ing against the two-sided alternative: 
HAi’k 為 # 1 for k = l,...,K, 
bo th the median of empir ical sizes of Sidak procedure w i t h asymptot ic and exact 
approaches are about 0.025 whi le those w i t h m i d - P approach are up to 0.04, 
closer to the pre-assigned nominal level 0.05 (see Figure A.8). However, there are 
few cases in which the empir ical sizes of Sidak procedure w i t h asymptot ic and 
m i d - P approaches are greater than 0.0543. 
I n test ing against the fol lowing one-sided alternative: 
付 姆 為 < 1 for k = l,...,K, 
almost half of empir ical sizes of Sidak procedure w i t h asymptot ic approach are 
zero. The median of empir ical sizes of Sidak procedure w i t h exact approach is 
about 0.015 (see Figure A.9). Asympto t ic approach i n test ing ！！母 is shown to 
be too conservative when the sample size of the second sample is greater than 
tha t of the first sample. 
I n test ing against another one-sided alternative: 
: O k > l for k = l ” " , K , 
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Siddk procedure w i t h asymptotic approach is much more l iberal than that w i th 
exact approach (see Figure A . 10). I t is recommended not to employ the asymp-
tot ic approach in testing against HAz,k when the sample size of the second sample 
is greater than that of the first sample. 
The empirical sizes of various MTPs, using asymptotic, exact and m id -P 
approaches, in testing against different alternative hypotheses are summarized in 
Table 3.2. 
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Tab le 3.2 Summary of empirical sizes of various MTPs in the simulation study. 
Alternative Hypothesis 
Approach ^ 丑从 fe H仙* “ 
Asymptotic - All MTPs are not liberal in - All MTPs are quite conserva- - All MTPs are liberal when 
general tive > n： 
-There are cases in which all - Almost all empirical sizes are 
MTPs are liberal when sam- zeros when n is smalP 
pie sizes are highly unbalan-
cedi 
Exact - All MTPs are conservative - All MTPs are conservative - All MTPs are conservative 
especially when tt is smalP especially when tt is smalP especially when tt is small? 
and sample sizes are balan-
ced 
Mid-P - All MTPs are less conserva-
tive than the MTPs using 
exact approach 
-A l l MTPs are not liberal in 
general 
1 For instance, n) equals 9 or 10 times of m 
2 For instance, tt equals 0.01 or 0.1 
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3.2 Comparisons of Power 
Power is one of the indicators for the performance of various testing procedures. 
When only one nul l hypothesis is to be tested, the power (denoted by (3) of the 
test is simply defined as the probabi l i ty of rejecting the nul l hypothesis when i t 
is false. 
々 = P r (reject Hq | Ha is true) (3.2) 
However, when m ( m 〉 1 ) out of K nul l hypotheses are false, then the 
definit ion of power for a mult ip le testing procedure becomes more complicated. 
We first denote M to be the collection of indices of k in which Ho,, is false, for 
h 、 … ， 兄 For 1 < m < /T, a not ion of the power (denoted by ft) of any 
testing procedure, is defined as the probabi l i ty of rejecting at least one false nul l 
hypothesis among all the m false nul l hypotheses. 
A - Pr (reject at least 1 Ho,k, keM\ HA,k is true, for all k ^ M) (3.3) 
Another not ion of power (denoted by ft), may be defined as the probabi l i ty 
of rejecting al l the m false nul l hypotheses. 
A = Pr (reject al l IIo’k, keM\ Ha^u is true, for al l k e M) (3.4) 
Clearly, one can extend the above two notions by defining the power as the 
probabi l i ty of rejecting at least m' {m' = 1’ . . . ,m) false nul l hypotheses among 
all the m false nul l hypotheses. 
In this thesis, we w i l l restrict our at tent ion to the case in which al l the K 
nul l hypotheses are false. I n part icular, our focus w i l l be pr imar i ly on the case 
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m' = m = K. Dunnet t and Tamhane (1992) pointed out tha t in most situations, 
one would be interested in detecting al l false hypotheses. For instance, in the 
c D N A study, one would usually want to detect al l the transcribed R N A change 
in the study cells. To ensure tha t our comparisons are not biased by the choice of 
m', we w i l l also consider the case m' = 1, which gives the probabi l i ty of reject ing 
at least one false nul l hypothesis. 
We consider the situations w i t h balanced sample sizes across centres and treat-
ments. For each value of A: = 1, we performed simulations for ri ik = n2k = 
n = 5,10(10)50. The b inomial parameters tt i^ = t t i 二 0.01,0.1，0.3，0.5 and 
T^ 2k =兀2 = 0.01,0.1(0.1)0.9,0.99. 
I n the cases where iTik 二 tt狄,the data are equivalent to be simulated under 
the nul l hypotheses. The first def ini t ion of power then reduces to the def in i t ion 
of size of the test. 
Denote the number of s imulat ion runs by Nmns, the number of runs in which 
at least 1 hypothesis is rejected by Nrej i and the number of runs in which al l 
hypotheses are rejected by Nrej2. Then, the two types of empir ical powers are 
defined as: 
A = Nrej l /Nruns (3.5) 
A = Nrej2/Nruns (3.6) 
Parameters settings of the present s imulat ion study of power are summarized 
in Table 3.3. 
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Tab le 3.3 The set of parameters considered in the simulation study of powers of various 
multiple test procedures. 
K m = 712 = n t t i tt2 p-value Alternatives 
3，5, 10 5, 10(10)50 0.01, 0.1, 0.3，0.5 0.01, 0.1(0.1)0.9, 0.99 Asymptotic ifAi.it,ii'/is.fc,H^a.fc 
3，5, 10 5, 10(10)50 0.01，0.1’ 0.3，0.5 0.01, 0.1(0.1)0.9, 0.99 Exact HAi.fc, 
3, 5, 10 5’ 10(10)50 0.01，0.1’ 0.3，0.5 0.01’ 0.1(0.1)0.9，0.99 Mid-P HAi,k 
Figures B . l ( i ) , B . l ( i i ) , B . l ( i i i ) are the line plots of mean powers of various 
M T P s w i t h TTi = .01 against tt?. Asymptot ic , exact and m i d - P approaches are 
employed respectively to test against the two-sided alternative. Each point on 
the graph is computed by averaging the 3 x 6 = 18 empir ical powers (成）based 
on the fol lowing configurations: 3 choices of number of centres and 6 choices of 
sample size n. 
Figures B.2( i ) , B.2( i i ) , B.2( i i i ) give the results for M T P s w i t h t t ! = .1, Figures 
B.3(i)，B.3(ii), B.3( i i i ) give the results for M T P s w i t h t t i = .3, and Figures B.4( i ) , 
B.4( i i ) , B.4( i i i ) give the results for M T P s w i t h t t i = .5. 
Figures C . l ( i ) , C . l ( i i ) , C.4( i i i ) , C.4( iv) give the results of mean powers 
which are averages of empir ical powers ( f y -
We observe tha t when the one-sided hypothesis, HA2,k is employed as alter-
native, the line plots of mean powers are quite similar to the r ight por t ion (w i th 
respect to the point tts = t t i ) of the line plots where the two-sided hypothesis, 
Ha i is employed as alternative. On the other hand, w i t h HAs,k being the alter-
native，the line plots are similar to the left por t ion (w i t h respect to the point 
= TTi) of the line plots where Hai is employed as alternative. Thus, the l ine 
plots of powers of M T P s against one-sided alternatives are not reported. 
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Similar to the case of empir ical sizes, the ft of the Ho lm procedure is the 
same as tha t of the Bonferroni procedure in any cases. Similar phenomenon was 
found in Sidak and Holm2 procedures. Thus, Ho lm and Holm2 procedures are 
not reported i n Figures B . l ( i ) , B . l ( i i ) , … B . 4 ( i i i ) and B.4( iv) . This phenomenon 
was no longer found in the study of 咸. 
3.2.1 Based on Asymptotic Approach 
Since Tarone，Roth, H K , and T H procedures are applicable for discrete distr ibu-
tions, they are not considered i n this par t . 
I n general, there is l i t t le difference between the empir ical powers of various 
procedures when tts is close to tti. When 兀2 becomes far away f rom ttj (favours 
Hai more), the of step-up procedures are larger than those of single-step and 
step-down procedures (see Figures B . l ( i ) , B.2( i ) ) . I n the comparisons of ft, the 
various procedures could be div ided into three main groups (see Figures C . l ( i ) , 
C.2(i)，C.3(i), C.4( i )) . The Rom and Hochberg step-up procedures form the most 
powerful group. Ho lm and Holm2 step-down procedures contr ibute the second 
group，in which the ft are sl ight ly less than those of the step-up procedures. The 
least powerful group includes the Sidak and Bonferroni single-step procedures. 
A 
The ft of these two single-step procedures are always much less than the other 
procedures. 
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3.2.2 Based on Exact Approach 
Both Rom and Hochberg step-up procedures require the asymptotic assumptions, 
they are not considered in this part. 
I n the comparisons of 成，the various procedures could be divided into three 
main groups (see Figures B . l ( i i ) , B.2(i i)) . Roth, H K and T H procedures form 
the most powerful group while Bonferroni, Sidak, Holm and Holm2 procedures 
A 
contribute the least powerful group. The ft of Tarone procedure lay between 
these two groups. I n the cases of tti being 0.3 and 0.5, Tarone gives similar value 
/N 
of ft as Roth, H K and T H procedures (see Figures B.3(i i ) , B.4(i i )) . 
A 
In the comparisons of ft, T H , Holm and Holm2 procedures form a group while 
Bonferroni, Sidak, Tarone, Roth and H K contribute another group which is less 
powerful than the first group (see Figures C. l ( i i ) , C.2(i i), C.3(i i), C.4(i i)). I t is 
believed that the power gain is due to the advantages of sequential M T P to the 
single-step MTP. 
3.2.3 Based on Mid-P Approach 
Both Rom and Hochberg step-up procedures require the asymptotic assumptions, 
they are not considered in this part. 
A 
In the comparisons of ft, the various procedures could be divided into two 
main groups (see Figures B . l ( i i ) , B.2(i i ) , B.3(i i), B.4( i i )) . Tarone, Roth, H K and 
T H procedures form the more powerful group while Bonferroni, Sidak, Holm and 
Holm2 procedures contr ibute the less powerful group. 
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Means of 4 of various M T P s using M i d - P approach are quite similar to those 
using Exact approach, thus the results are not reported. 
3.2.4 Asymptotic vs. Exact Approaches 
Only Bonferroni，Sidak, Ho lm and Holm2 procedures are applicable for bo th the 
asymptot ic and exact approaches. 
I n the comparisons of ft, M T P s w i t h exact approach employed have greater 
A 
A than those w i t h asymptot ic approach employed. The differences in ft are quite 
remarkable in the cases where ttq is far away f rom tti • 
However, the differences i n ft are less obvious. 
3.2.5 Exact vs. Mid-P Approaches 
Bonferroni, Sidak, Tarone, Roth, H K , T H , Ho lm and Holm2 are under investi-
gated in the comparisons. 
For any configurations of tti and tts, MTPs w i t h m i d - P approach employed 
have greater ft and ft t han the corresponding M T P s w i t h exact approach em-
ployed. 
3.2.6 Asymptotic vs. Mid-P Approaches 
The findings are quite similar to those i n the section 3.2.4. Since M T P s w i t h mid-
P approach is universal more powerful than the corresponding M T P s w i t h exact 
approach, the differences in powers between asymptot ic and m i d - P approaches 
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are even more remarkab le t h a n those between asympto t i c and exact approaches. 
T h e emp i r i ca l powers of var ious M T P s , us ing asympto t i c , exact and m i d - P 
approaches, i n the s imu la t i on s t udy are summar i zed i n the tab le 3.4. 
Table 3.4 Summary of empirical powers of various MTPs in the simulation study. 
Empirical Powers 
Approach 爲 
Asymptotic - Step-up MTPs have greater ^ than - Step-up MTPs are most powerful 
single-step and step-down MTPs - single-step MTPs are least powerful 
Exact，Mid-P - Tarone, Roth, HK, T H MTPs - TH, Holm, Holm2 MTPs are 
have greater than single-step and more powerful than Bonferroni, 
step-down MTPs Sidak, Tarone, Roth, HK MTPs 
Asymptotic - Bon, Sidak, Holm, Holm2 MTPs with - Bon, Sidak, Holm, Holm2 MTPs with 
vs. exact approach have greater Pi exact approach have greater (§2 
Exact 
Asymptotic - Bon, Sidak, Holm, Holm2 MTPs with - Bon, Sidak, Holm, Holm2 MTPs with 
vs. mid-P approach have greater /?i mid-P approach have greater p2 
Mid-P 
Mid-P - Bon, Sidak, Tarone, Roth, HK, TH, _ Bon, Sidak, Tarone, Roth, HK, TH, 
vs. Holm, Holm2 with mid-P approach Holm, Holm2 with mid-P approach 




I n this section, four examples are used to demonstrate various MTPs. Asymp-
tot ic, exact and m id -P approaches would be employed to compute the p-values. 
We first consider the cDNA example extracted from Tarone (1990). The 
purpose of the study is to determine i f the transcribed R N A in the study cells 
differ f rom that in the control cells. We adopt the one-sided alternative used by 
Tarone. Tha t is, 
Ho,k '0k = l vs HA3,k 為 > 1, for A： = 1,…，9. 
The data as well as the associated p-values, min imum achievable significance 
levels (MASLs) are reported in Table 4.1. 
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Table 4.1 The frequencies of nucleotide change observed at nine nucleotide sites. 
Study Control P-value* MASL* 
Site Change Total Change Total A E M E M 
1 3 9 1 11 .1130 .2167 ** .0260 ** 
2 4 10 2 11 .1514 .2678 ** .0039 ** 
3 2 10 2 11 .4562 .6692 ** .0351 ** 
4 8 11 1 10 .0058 .0058 ** .0002 ** 
5 3 10 1 10 .1604 .2910 ** .0433 ** 
6 2 9 2 9 .5000 .7118 ** .0412 ** 
7 2 9 2 9 .5000 .7118 ** .0412 ** 
8 2 8 2 9 .4454 .6647 ** .0294 ** 
9 2 7 3 8 .6287 .8182 ** .0070 ** 
* Based on one-sided test. 
** Mid-P approach is not considered for one-sided t est . 
MASL: Minimum achievable significance level 
A: Asymptotic approach 
E: Exact approach 
M: Mid-P approach 
Table 4.2 Nucleotide sites that give significant results in the comparison. 
a = .05 a = .06 
MTP A E A E 
Bonferroni none none 4 4 
Sidcik none none 4 4 
Tarone * 4 * 4 
Roth * 4 * 4 
HK * 4 * 4 
TH * 4 * 4 
Rom none ** 4 ** 
Hochberg none ** 4 ** 
Holm none none 4 4 
Holm2 none none 4 4 
* Tarone, Roth, HK, and TH MTPs are not applicable for asymptotic approach. 
** Rom and Hochberg MTPs are not applicable for exact approach. 
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Prom table 4.2, when asymptotic approach are employed, no rejections are 
made at a = .05，but al l procedures indicate significance in nucleotide site 4 at 
a = .06. 
When exact approach are employed instead, Tarone and its corresponding 
three improved procedures reject the nul l hypothesis in nucleotide site 4 at a = 
.05 while other procedures do not. Again, al l procedures using exact approach 
indicate significance in nucleotide site 4 at a 二 .06. 
In the second example, we investigate the cl inical t r ia l data extracted f rom 
Agresti and Hartzel (2000), in which two cream preparations w i t h respect to the 
success or failure in cur ing an infection were compared among 8 centres. We have 
reason to believe that the drug treatment should have greater success rate than 
the control t reatment. Thus, we adopt the one-sided alternative. Tha t is, 
Ho,k 為 = 1 vs HA3,k • • O k > l , for k = I , 8 . 
The data as well as the associated p-values, MASLs are reported in Table 4.3. 
Table 4.3 The frequencies of two cream preparations with respect to the success or failure in 
curing an infection at eight centres. 
Drug Control P-value* MASL* 
Centre Success Total Success Total A E M E M 
1 11 36 10 37 .3715 .4702 ** .0000 
2 16 20 22 32 .2043 .2883 ** .0003 ** 
3 14 19 7 19 .0149 .0244 ** .0000 ** 
4 2 16 1 17 .2792 .4765 ** .1026 ** 
5 6 17 0 12 .0411 .0261 ** .0261 ** 
6 1 11 0 10 .2579 .5238 ** .5238 ** 
7 1 5 1 9 .3115 .6044 ** .1099 ** 
8 4 6 6 7 .7677 .9301 ** .1224 ** 
* Based on one-sided test. 
* * Mid-P approach is not considered for one-sided test. 
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Table 4.4 Centres that give significant results in the comparison. 
= .08 a = .09 = .10 
MTP A E A E A E ~ 
, o n， o n i none none none none none none 
^ d a k none none none none none none 
Tarone * none * none * 3 
Roth * 3 * 3 • . 
HK 3 3 3 
™ * 3，5 3 , 5 3 , 5 
议 om none * * none ** none 
Hochberg none ** none ** none ** 
none none none none none none 
Holm2 no 朋 none none none none none 
* Tarone, Roth, HK, and T H MTPs are not applicable for asymptotic approach. 
* * Rom and Hochberg MTPs are not applicable for exact approach. 
Prom table 4.4，no rejections are made w i t h asymptot ic approach. When 
exact approach is employed instead, we observe that the comparison in centre 3 
is significant using Roth, H K and T H procedures at a = .08，.09 or .10 and i t is 
significant using Tarone procedure at a = .10. This supports the fact that Roth, 
H K and T H procedures are more powerful than the or iginal Tarone procedure. 
Notice that the T H procedure further rejects the nul l hypothesis in centre 5 at 
a 二 .08, .09 or .10. Thus, we believe that T H procedure is the most powerful 
one among these four procedures for discrete d ist r ibut ion. 
The th i r d example being investigated is extracted f rom L loyd (1999), in which 
random samples of individuals are chosen f rom the cities of Los Angeles, New 
York，and Washington, DC. Each ind iv idual is classified as smoker/nonsmoker. 
Lung capacity is tested by blowing into a standard measuring device. By com-
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paring performance w i th norms for healthy individuals, each lung capacity mea-
surement is converted into a binary response: healthy or impaired. 
We believe that impaired lung occurs more frequent among smokers than 
among nonsmokers. Thus, the alternative hypotheses employed are: 
Ho,k ••Ok = l vs HA2,k 為 < 1， for A ; - 1,2,3. 
The data as well as the associated p-values, MASLs are reported in Table 4.5. 
Table 4.5 The frequencies of smokers and nonsmokers with respect to healthy responses at 
three cities. 
Smoker Nonsmoker P-value* MASL* 
City Healthy Total Healthy Total A E M E M 
1 3 15 10 16 .0127 .0200 * * .0000 ** 
2 5 14 14 26 .1463 .2232 * * .0000 ** 
3 2 8 6 18 .3670 .5237 * * .0280 ** 
* Based on one-sided test. 
* * Mid-P approach is not considered for one-sided test. 
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Table 4.6 Cities that give significant results in the comparison. 
a = .04 a = .05 a = .06 
M T P A E A E A E 
Bonferroni 1 none 1 none 1 1 
Sidak 1 none 1 none 1 1 
Tarone * none * 1 * none 
Roth * none * 1 * 1 
HK * 1 * 1 * 1 
T H * 1 * 1 * 1 
Rom 1 I ** I *• 
Hochberg 1 ** i ** 丄 ** 
Holm 1 none 1 none 1 1 
Holm2 1 none 1 none 1 1 
* Tarone, Roth, HK, and T H MTPs are not applicable for asymptotic approach. 
* * Rom and Hochberg MTPs are not applicable for exact approach. 
Prom table 4.6, in testing against 〜 < 1 for A; = 1’ 2，3 at a = .04, w i t h exact 
approach employed, only the H K and T H procedures reject the nul l hypothesis 
at c i ty 1. The comparison at ci ty 1 using Tarone procedure is significant at 
a = .05. However, i t is not significant at a = .06. This demonstrates the failure 
in monotone in a of Tarone procedure remarked by Roth (1999). The three 
improved procedures based on Tarone procedure do not have this problem. 
A l l the above examples are employing one-sided alternatives. We would like to 
use a hypothet ical example w i t h two-sided alternatives employed to demonstrate 
the performance of m id -P approach. The alternative hypotheses employed are: 
Ho,k 為=1 vs HA2,k - O k ^ l , for A: = 1,2,3. 
The data as well as the associated p-values, MASLs are reported in Table 4.7. 
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Table 4.7 Hypothetical data. 
Sample 1 Sample 2 P-value* MASL* 
Centre Outcome Total Outcome Total A E M E M 
1 3 20 4 12 .2387 .3793 .2955 .0002 .0001 
2 2 25 5 15 .0602 .0544 .0312 .0003 .0002 
3 2 24 6 14 .0226 .0187 .0102 .0017 .0008 
* Based on two-sided test. 
Table 4.8 Centres that give significant results in the comparison. 
Q - : .05 a = .06 a = .07 
MTP A E M A E M A E M 
Bonferroni none none 3 none 3 3 3 3 3 
Sidak none none 3 none 3 3 3 3 3 
Tarone * none 3 * 3 3 * 3 3 
Roth * none 3 * 3 3 * 3 3 
HK * none 3 * 3 3 * 3 3 
TH * none 3 * 3 3 * 3 2 3 
Rom none * 氺 ** none ** 氺* 3 氺* * * 
Hochberg none ** ** none ** ** 3 * * * * 
Holm none none 3 none 3 3 3 3 2 3 
Holm2 none none 3 none 3 3 3 3 2，3 
* Tarone, Roth, HK, and T H MTPs are not applicable for asymptotic approach. 
* * Rom and Hochberg MTPs are not applicable for exact approach. 
F r o m tab le 4.8, a t a = .05，only t he procedures w i t h m i d - P approach em-
p loyed re ject t he n u l l hypothes is at centre 3. W i t h exact approach employed 
instead，al l procedures ind ica te s igni f icance i n centre 3 a t a 二 .06. For asymp-
t o t i c approach, s igni f icance i n centre 3 is f o u n d a t a = .07. T H , H o l m a n d H o l m 2 
procedures w i t h m i d - P approach even ind i ca te s ig in i f icance i n centre 2 a t a = .07. 
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Chapter 5 
Conclusions and Discussions 
I n this thesis, various single-step and stepwise mult ip le test procedures are re-
viewed. Asymptot ic , Exact and M i d - P approaches are employed for the com-
putations of p-values in the test procedures. Both the one-sided and two-sided 
hypotheses tests are considered. 
Based on the results of the simulation study of size, i t is found that in the 
case of unbalanced sample sizes, asymptotic M T P s are either too conservative or 
l iberal (depends on which sample size is large). Exact M T P s tackle this problem, 
they are not l iberal in any situation. However, they are too conservative when the 
binomial response rate tt is small. M i d - P M T P s are, in general, less conservative 
than the corresponding exact MTPs, but there are cases in which m id -P M T P s 
are l iberal when tt being about 0.5. 
From the results of the simulation study of power, we can see that when 
asymptotic approach is employed, the step-up M T P s are more powerful than the 
step-down M T P s while the single-step M T P s are least powerful. W i t h exact or 
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mid -P approaches employed, T H , Ho lm and Holm2 are more powerful than other 
MTPs. Besides, M T P s w i t h m id -P approach are most powerful while those w i th 
asymptotic approach are least powerful among the three approaches. 
Based on the numerical examples, i t is found that there are cases in which 
Tarone and its three modif ied M T P s indicate significance while other procedures 
do not. Among these four MTPs, there are situations in which Tarone M T P 
does not indicate significance while other three do. Tarone M T P seems to be less 
powerful than its modified MTPs. In view of the approaches, m id -P approach 
seems to be the most powerful, while asymptotic approach seems to be the least 
power fu l This supports the results found in the simulat ion study. 
In the simulation study of power, only the settings of balanced sample sizes 
are considered. Besides, the relationships between power and sample size, number 
of centres or binomial response rate are also not investigated. These situations 
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Figure A. l ( i i ) Empirical sizes of Hochberg Procedure b朋ed on asymptotic p-values for 
丑o，A： 'ek = l vs. HAi,k :ekjLUoTk = l , K against ratio between sample sizes. 
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Figure A . l ( i i i ) Empir ica l sizes of Hochberg Procedure based on asymptotic p-values for 
丑o’fc ：没fc = 1 vs. HAi,k ：没fc 1 for fc = 1’ …’ K against number of centres. 
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Figure A.2(ii) Empirical sizes of Hochberg Procedure ba^ed on asymptotic p-values for 
丑o’A： -.Oj, = l vs. HA2’k 為 < 1 for A: = 1，…，K against rat io between sample sizes. 
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Figure A .2( i i i ) Emp i r i ca l sizes of Hochberg Procedure based on asymptot ic p-values for 
HQ,k •Ok = l vs. HA2,k ： 6'a； < 1 for A: = 1, ...，K against number of centres. 
Note: Each box plot is based on 360 configurations. 
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Figure A .2 ( i v ) Emp i r i ca l sizes of Hochberg Procedure based on asymptot ic p-values for 
•Ok = l vs. HA2,k : < 1 for fc = 1，..., K against b inomia l response rate. 
Note: Each box plot is based on 180 configurations. 
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Figure A.3(i) Empirical sizes of various MTPs based on asymptotic p-values for 
-Ok = l vs. HA3,k •為 > 1 for k = 1,…’ K. 
Note: Each box plot is based on 1080 configurations. 
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Figure A.3( i i i ) Empir ical sizes of Hochberg Procedure based on asymptotic p-values for 
丑 : Ok = 1 vs. HA3,k :Ok>lfork = l , K against number of centres. 
Note: Each box plot is based on 360 configurations. 
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Figure A.3( iv) Empir ica l sizes of Hochberg Procedure based on asymptot ic p-values for 
H灿：没知=1 vs. HA3,k :Ok>lioTk = l , K against b inomial response rate. 
Note: Each box plot is based on 180 configurations. 
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F igu re A .4 ( i ) E m p i r i c a l sizes o f various M T P s based on exact p-values for 
Ho,k •Ok = l vs. HAi,k •. h 寺 1 for A; = 1 , … ’ K. 
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F igure A .4 ( i i ) E m p i r i c a l sizes o f S idak Procedure based on exact p-values for 
丑o，fc •Ok = l vs. HA i , k ： A^： 1 for A: = 1 ,…，K against ra t i o between sample sizes. 
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Figure A.4(iii) Empirical sizes of Sidak Procedure based on exact p-values for 
••Ok = l vs. HAi,k :ek^lfork = l , ...’ K against number of centres. 
Note: Each box plot is based on 360 configurations. 
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Figure A.4(iv) Empirical sizes of Sidak Procedure based on exact p-values for 
Ho，k '0k = l vs. HAi,k •• 0k I for k = 1,…，K against binomial response rate. 
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Figure A.5(i) Empirical sizes of various MTPs based on exact p-values for 
Ho’k • Ok = I vs. HA2,k ： ^jt < 1 for fc = 1,…，K. 
Note: Each box plot is based on 1080 configurations. 
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Figure A.5(i i) Empirical sizes of Sidak Procedure based on exact ；rvalues for 
Ho,k Ok = 1 vs. HA2,k ： Ok < 1 iov k = 1, K against ratio between sample sizes. 
Note: Each box plot is based on 108 configurations. 
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Figure A.5(i i i) Empirical sizes of Sidak Procedure based on exact p-values for 
Ho’k ： Ok = 1 vs. HA2,k : < 1 for A; = 1 ， K against number of centres. 
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Figure A.5(iv) Empirical sizes of Sidak Procedure based on exact p-values for 
Ho^k ：没A： = 1 vs. HA2,k ' Ok < 1 iov k = 1, K against binomial response rate. 
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Figure A.6(i) Empirical sizes of various MTPs based on exact p-values for 
Ho，k •Ok = l vs. HA3,k : 〉 1 for fc = 1，…，K. 
Note: Each box plot is based on 1080 configurations. 
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Figure A.6(ii) Empirical sizes of Sidak Procedure based on exact p-values for 
Ho,k : 6k 二 1 vs. HA3,k I Ok > 1 foT k = 1,…，K against ratio between sample sizes. 
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Figure A.6(iii) Empirical sizes of Sidak Procedure based on exact p-values for 
Ho，k ' Ok = 1 vs. HA3,k ： 9k > 1 ioT k = 1, K against number of centres. 
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Figure A.6(iv) Empirical sizes of Sidak Procedure ba^ed on exact p-values for 
Ho’k '0k = l vs. HA3,k ：没A：〉1 for fc = 1 ， K against b i nom ia l response rate. 
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Figure A .7 ( i ) E m p i r i c a l sizes o f various M T P s based on m i d - P values for 
Ho’k ''Ok = l vs. HAi,k ： A^： ^ 1 for A: = 1, K. 
Note: Each box plot is based on 1080 configurations. 
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Figure A .7 ( i i ) E m p i r i c a l sizes o f Sidak Procedure based on m i d - P values for 
Ho’k ：没A： = 1 vs. HAi,k = ...，K against ra t io between sample sizes. 
Note: Each box plot is based on 108 configurations. 
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Figure A.7(iii) Empirical sizes of Sidak Procedure based on mid-P values for 
丑o’fc •Ok = l vs. HAi,k • 6k ^ I ioi k = I, K against number of centres. 
Note: Each box plot is based on 360 configurations. 
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Figure A.7(iv) Empirical sizes of Sidak Procedure based on mid-P values for 
Ho,k : Ok = 1 vs. HAi,k ： Ok ^ 1 for k = 1, K against binomial response rate. 
Note: Each box plot is based on 180 configurations. 
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Figure A.8 Empirical Sizes of Sidak procedure for Ho^k :0k = I vs. 
： 0A： 1 for fc = 1,…，K based on asymptotic, exact and mid-P values-










Figure A.9 Empirical Sizes of Sidak procedure for i/o,A； ： ^^ = 1 vs. 
HA2,k ： 0A： < 1 for /c = 1, K based on asymptotic and exact p-values. 
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Figure A.IO Empir ical Sizes of Sidak procedure for 丑o，fc ： = 1 vs. 
HAz.k ： > 1 for A; = 1, K based on asymptotic and exact p-values. 
Note: Each box plot is based on 1080 configurations. 
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Figure B . l ( i ) Mean powers ( A ) of MTPs based on asymptotic p-values 
w i th TTi = 0.01 for Ho’k : 0k = 1 vs. HAi,k ： ^ I for k = 1，K. 
Note: Each point in the consequent plots of mean powers (j3\) is based on 18 configurations. 
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Figure B . l ( i i ) Mean powers ( A ) of MTPs based on exact p-values 
wi th TTi = 0.01 for Bo.k :0k = l vs. : 1 for A; = 1, ..., K. 
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Figure B . l ( i i i ) Mean powers of MTPs based on mid-P values 
wi th TTi = 0.01 for Ho,k : 0k = 1 vs. Hai,^ ： 1 for A; = 1, . . ” K. 
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Figure B.2( i) Mean powers 0 i ) of MTPs based on asymptotic p-values 
w i t h TTi = 0.1 for Ho,k ： Ok = 1 vs. HAi,k ：没fc # 1 for fc = 1’ …’ K. 
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Figure B.2(i i ) Mean powers ( A ) of MTPs based on exact p-values 
w i t h TTi = 0.1 for HQ’k ： Ok = I vs. HAi,k ： f^c 1 for fc = 1,…’ K. 
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Figure B.2( i i i ) Mean powers 0 i ) of MTPs based on mid -P values 
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Figure B.3(i) Mean powers ( 4 i ) of MTPs based on asymptotic p-values 
w i th TTi = 0.3 for Ho,k ： Ok = 1 vs. HAi,k ：权jfc # 1 for fc = 1，…，K. 
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Figure B.3(ii) Mean powers ( A ) of MTPs based on exact p-values 
w i th TTi = 0.3 for Hq’、： Ok = I vs. Hai,、: 6k 章 1 for k = 1, K. 
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Figure B.3(i i i) Mean powers of MTPs based on mid-P values 
w i th TTi = 0.3 for Ho,k : Ok = 1 vs. HAi,k ： ^it 1 for fc = 1,…，K. 
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Figure B.4(i) Mean 
powers {Pi) of MTPs based on asymptotic p-values 
w i th TTi = 0.5 for ifo.Jfc •'0k = l vs. HAi,k ：没a： 1 for A: = 1’ ...’ K. 
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Figure C. l ( i i ) Mean powers 02、of MTPs based on exact p-values 
w i th TTi = 0.01 for Ho’k : = 1 vs. HAi,k : 1 for fc = 1，...，K. 
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Figure C. l ( i i i ) Mean powers 0 2 ) of MTPs based on mid-P values 
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Figure C.2(i) Mean powers 02 ) of MTPs based on asymptotic p-values 
wi th TTi = 0.1 for Ho’k ：没jt = 1 vs. HAi,k ： f^c 1 for A; = 1, ...，K. 
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Figure C.2(ii) Mean powers 02 ) of MTPs based on exact p-values 
wi th TTi = 0.1 for Ho^k ： Ok = I vs. HAi,k ： 9k ^ Kov k = 1, K. 
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Figure C.2(iii) Mean powers 02 ) of MTPs based on mid-P values 
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Figure C.3(i i i) Mean powers ( f y of MTPs based on mid-P values 
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Figure C.4(i) Mean powers of MTPs based on asymptotic p-values 
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Figure C.4(ii) Mean powers of MTPs based on exact p-values 
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